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Devwudfw
Lq wklv sdshu/ zh frqvlghu wkh uhdo0wlph lpsohphqwdwlrq ri d vfdo srolf|
uxoh edvhg rq wd{ vprrwklqj +Eduur +4<:<, dqg Erkq +4<<;,,1 Zh vkrz wkdw
wkh wd{ vprrwklqj dssurdfk/ dxjphqwhg e| vfdo kdelw frqvlghudwlrqv/ surylghv
d vxsulvlqjo| dffxudwh ghvfulswlrq ri XV exgjhw vxusoxv pryhphqwv1 Lq rughu wr
lqyhvwljdwh wkh urexvwqhvv ri wkh srolf| lpsolfdwlrqv ri wkh uxoh/ zh frqvwuxfw d
uhdo0wlph XV vfdo gdwd vhw/ frpsohphqwlqj wkh gdwd grfxphqwhg e| Furxvkruh
dqg Vwdun +5334,1 Iru hdfk yduldeoh/ zh uhfrug wkh glhuhqw ylqwdjhv/ uhhfwlqj
wkh uhphdvxuhphqwv wkdw rffxu ryhu wlph1 Zh ghprqvwudwh wkdw wkh hdvlo|0
frqvwuxfwhg uxoh surylghv d xvhixo ehqfkpdun iru srolf| dqdo|vlv wkdw lv urexvw
wr uhdo0wlph uhphdvxuhphqwv1
Nh|zrugv= vfdo uxohv/ wd{ vprrwklqj/ vfdo kdelwv/ uhdo0wlph gdwd
MHO Fodvvlfdwlrqv= F;5/ H95/ H99
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Vlpsoh prqhwdu| srolf| uxohv/ vxfk dv wkrvh sursrvhg e| Wd|oru +4<<6, dqg Pf0
Fdooxp +4<;;,/ kdyh uhfhlyhg d juhdw ghdo ri dwwhqwlrq iurp erwk dfdghplfv dqg
srolf|pdnhuv1 Wkhvh uxohv lqyroyh wkh srolf|pdnhu vhwwlqj dq rshudwlqj lqvwuxphqw
lq uhvsrqvh wr d qxpehu ri revhuydeoh pdfurhfrqrplf lqglfdwruv1 Wkh| duh riwhq
lqwhusuhwhg dv ehqfkpdunv e| zklfk wr hydoxdwh suhylrxv srolf| ghflvlrqv dqg wkh
fxuuhqw srolf| vwdqfh1 Lq frqwudvw/ wkh vfdo uxohv olwhudwxuh kdv irfxvhg odujho| rq
srolwlfdoo|0gulyhq frqvwudlqwv/ vxfk dv wkrvh dvvrfldwhg zlwk wkh Vwdelolw| dqg Jurzwk
Sdfw +vhh/ iru h{dpsoh/ Fdq}rqhul dqg Gled +5334,,1
Lq wklv sdshu/ zh h{dplqh d vfdo frxqwhusduw wr prqhwdu| srolf| uxohv1 Rxu uxoh
frqwudvwv zlwk wkh vfdo uxoh sursrvhg e| Wd|oru +4<<9/ 5333, lq wkdw lw lv edvhg rq
wd{ vprrwklqj ehkdylrxu +vhh Eduur +4<:</ 4<;9d dqg 4<;9e, dqg Erkq +4<<;,,1 Zh
vkrz wkdw/ dxjphqwhg e| vfdo kdelw ru sduwldo dgmxvwphqw frqvlghudwlrqv/ wkh uxoh
surylghv d vxusulvlqjo| dffxudwh ghvfulswlrq ri wkh srvw04<93 ehkdylrxu ri XV exgjhw
vxusoxvhv1 Wkh uxoh lqyroyhv vhwwlqj wkh sulpdu| exgjhw vxusoxv lq uhvsrqvh wr wkh
ohyho ri wkh ghew vwrfn/ wudqvlwru| JGS dqg plolwdu| h{shqglwxuh xfwxdwlrqv/ dqg
wkh vxusoxv lq wkh suhylrxv shulrg +doo h{suhvvhg dv udwlrv wr JGS,1 Rqh dsshdolqj
ihdwxuh ri rxu dssurdfk lv wkdw wkh uxoh lv hdv| wr frqvwuxfw dqg lqwhusuhw1
Wr lqyhvwljdwh wkh urexvwqhvv ri wkh srolf| lpsolfdwlrqv ri wkh uxoh/ zh frq0
vwuxfw d uhdo0wlph XV vfdo gdwd vhw1 Wkh Ihghudo Uhvhuyh Edqn ri Sklodghoskld
Uhdo0Wlph Gdwd Vhw/ grfxphqwhg e| Furxvkruh dqg Vwdun +5334,/ surylghv uhdo0
wlph lqirupdwlrq rq d zlgh udqjh ri pdfurhfrqrplf yduldeohv1 Dowkrxjk wkdw gdwd
vhw surylghv lqirupdwlrq rq wrwdo jryhuqphqw h{shqglwxuh/ wkhuh duh qr gdwd rq
jryhuqphqw uhyhqxh/ lqwhuhvw h{shqglwxuh dqg plolwdu| h{shqglwxuh1 Rxu gdwd vhw
frpsohphqwv wklv h{lvwlqj vrxufh e| uhfruglqj wkh glhuhqw ylqwdjhv iru wkh uhtxluhg
vfdo yduldeohvuhhfwlqj wkh uhphdvxuhphqwv wkdw rffxu ryhu wlph1 Rxu uhdo0wlph
XV vfdo gdwd vhw/ wrjhwkhu zlwk ghwdlohg ghvfulswlrqv/ fdq eh grzqordghg iurp
kwws=@@zzz1hfrq1fdp1df1xn2gdh2uhvhdufk2ghew1
Zh lqyhvwljdwh wkh srolf| lpsolfdwlrqv ri wkh wd{ vprrwklqj edvhg vfdo uxoh
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lq frqmxqfwlrq zlwk wkh uhdo0wlph phdvxuhphqwv iurp rxu gdwd vhw1 Zh vkrz wkdw
fdoleudwlrq ri wkh uxoh*v sdudphwhuv uhvxowv lq d xvhixo ehqfkpdun iru srolf| hydox0
dwlrq1 Wkh vxevwdqwlyh srolf| lpsolfdwlrqv ri wkh uxoh duh urexvw wr uhdo0wlph gdwd
uhphdvxuhphqwv1
Wkh uhpdlqghu ri wkh sdshu lv rujdqlvhg dv iroorzv1 Lq wkh iroorzlqj vhfwlrq/ zh
rxwolqh wkh wd{ vprrwklqj uxoh1 Lq Vhfwlrq 6/ zh glvfxvv d qxpehu ri gdwd lvvxhv/
dqg lqwurgxfh wkh uhdo0wlph vfdo gdwd vhw1 Lq Vhfwlrq 7/ zh lqyhvwljdwh wkh uxoh*v
vxlwdelolw| iru uhdo0wlph srolf| hydoxdwlrq1 Vrph frqfoxvlrqv duh gudzq lq wkh qdo
vhfwlrq1
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Eduur*v +4<:<, wd{ vprrwklqj prgho lv edvhg rq wkh lghd wkdw wkh jryhuqphqw plq0
lplvhv wkh glvwruwlrq iurp wd{dwlrq e| doorfdwlqj wd{hv ryhu wlph1 Wkh wkhru| lv
dqdorjrxv wr wkh shupdqhqw lqfrph wkhru| ri frqvxpswlrq1 Lw dvvxphv lpsolflwo|
wkdw wkh jryhuqphqw fdqqrw lvvxh erqgv gluhfwo| frqwlqjhqw rq wkh vwdwh ri wkh zruog
dqg wkdw wkhvh qrq0frqwlqjhqw erqgv duh ghidxow iuhh1
Wkh iroorzlqj suhvhqwdwlrq ri wkh prgho lv edvhg xsrq Vdujhqw*v +4<;:/ s6;80
;;, wh{werrn yhuvlrq1 Wkh wd{ glvwruwlrq lq wkh fxuuhqw shulrg lv dvvxphg wr eh








/ zkhuh x dqg x2 duh srvlwlyh sdudphwhuv dqg
| lv wkh wd{ udwh lq wlph w1 Wkh jryhuqphqw fkrrvhv d vhtxhqfh ri wd{ udwhv i|j
"
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lq rughu wr qdqfh d vwuhdp ri h{rjhqrxv uhdo jryhuqphqw h{shqglwxuh iJ|j/ zklfk
iroorzv d vwrfkdvwlf surfhvv1 Vlqfh ghew lv wkh rqo| dowhuqdwlyh wr wd{dwlrq dv d vrxufh
ri uhyhqxh/ wklv lpsolhv d sdwk iru ghew/ iG|nj/ wkurxjk wlph1
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zkhuh  ghqrwhv wkh glvfrxqw idfwru1
Vlqfh dq| h{shqglwxuh wkdw lv qrw phw e| wd{dwlrq pxvw eh phw e| lvvxlqj erqgv/
wkh jryhuqphqw*v rqh0shulrg uhyhqxh frqvwudlqw lv jlyhq e|=
G|n @ U ^G| .J|  W|` > +5,
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zkhuh W| ghqrwhv jryhuqphqw uhyhqxh iurp wkh dyhudjh wd{ udwh |/ vxfk wkdw W| @
|\| zkhuh \| ghqrwhv uhdo rxwsxw1 Wkh jurvv lqwhuhvw udwh/ U A 4/ lv dvvxphg wr
eh {hg1 Wkh jryhuqphqw wdnhv wkh jryhuqphqw h{shqglwxuh surfhvv/ iJ|j/ dqg wkh
lqlwldo vwrfn ri ghew/ Gf/ dv jlyhq1 Ydoxhv ri J gdwhg w . 4 dqg odwhu duh xqnqrzq
dw wlph w1
Wkh vroxwlrq wr wkh sureohp lqyroyhv vprrwklqj wd{ udwhv ryhu wlph=
H||n @ . +U,
3| +6,
zkhuh  @ x^4+U,
3`@x21 Dvvxplqj wkdw  @ 4@U/ wd{ udwhv iroorz d pduwlqjdoh
surfhvv uhjdugohvv ri wkh vwrfkdvwlf surfhvv iru iJ|j1
Lq Eduur*v +4<:<, prgho/ lvvxlqj qrq vwdwh frqwlqjhqw +ghidxow iuhh, ghew lv wkh
phfkdqlvp e| zklfk wkh jryhuqphqw vprrwkv wd{ udwhv1 Lq frqwudvw/ lq Oxfdv dqg
Vwrnh|*v +4<;6, prgho zlwk vwdwh frqwlqjhqw ghew/ rswlpdo Udpvh| wd{ udwhv iroorz
wkh vhuldo fruuhodwlrq surshuwlhv ri jryhuqphqw h{shqglwxuhv1 Dl|djdul hw do +5334,
h{dplqh wkh lpsdfw ri uxolqj rxw vwdwh frqwlqjhqw ghew lq d prgho vlplodu wr wkdw
ri Oxfdv dqg Vwrnh| +4<;6, dqg qg uhvxowv eurdgo| frqvlvwhqw zlwk Eduur*v +jlyhq
vrph uhvwulfwlrqv rq suhihuhqfhv dqg wkh txdqwlwlhv ri ghidxow0iuhh ghew,1
Wkh wd{ vprrwklqj prgho suhglfwv wkdw lq wkh hyhqw ri d wudqvlwru| vkrfn wr
jryhuqphqw h{shqglwxuh/ vxfk dv d zdu ru d exvlqhvv f|foh xfwxdwlrq/ wd{ udwhv
zloo uhvsrqg shupdqhqwo| e| d +vpdoo, sursruwlrq ri wkh vkrfn1 Wkh prgho lpsolhv
wkdw wkh sulpdu| vxusoxv0rxwsxw udwlr lv ghwhuplqhg e| wkh iroorzlqj htxdwlrq +d
ghulydwlrq lv frqwdlqhg lq wkh Dsshqgl{,=
v| @ g| . f . CJYDU| . t \ Y DU| . | +7,
zkhuh v dqg g ghqrwh wkh sulpdu| vxusoxv dqg wkh +vwduw0ri0shulrg, ghew vwrfn dv
udwlrv wr rxwsxw1 Wkh yduldeohv JYDU dqg \ Y DU ghqrwh wkh ohyho ri wudqvlwru|
plolwdu| vshqglqj dqg d exvlqhvv f|foh lqglfdwru uhvshfwlyho|1 Wkh sdudphwhuv duh
ghqrwhg / f dqg / l @ J>\ > dqg  ghqrwhv dq huuru whup1 Erkq +4<<;, dujxhv

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wkdw +jlyhq zhdn uhjxodulw| frqglwlrqv,  A 3 lv vxflhqw iru vxvwdlqdelolw|/ lq wkh
vhqvh wkdw wkh lqwhuwhpsrudo exgjhw frqvwudlqw lv vdwlvhg12
Zh dxjphqw wkh Eduur0Erkq dssurdfk e| doorzlqj iru vorz vfdo dgmxvwphqw1
Wkh olwhudwxuh rq ghod|hg vwdelolvdwlrqv +vhh/ iru h{dpsoh/ Dohvlqd dqg Gud}hq +4<<4,
dqg Dohvlqd hw do +4<<;,, vxjjhvwv wkdw srolwlfdo lqxhqfhv fdxvh lqhuwld lq vfdo sro0
lf| pdnlqj1 Zlwk wkh dlp ri fdswxulqj wklv vorz dgmxvwphqw +exw zlwkrxw irupdoo|
prghoolqj wkh srolwlfdo idfwruv, zh frqvlghu wkh sduwldo dgmxvwphqw prgho=
vW| @ g| . f . CJYDU| . t \ Y DU| . | +8,
v|  v|3 @ +v
W
|  v|3,> zlwk 3 ?  ? 4 +9,
zkhuh vW
|
ghqrwhv wkh ghvluhg ohyho ri wkh sulpdu| vxusoxv wr JGS udwlr dqg  lv wkh
sduwldo dgmxvwphqw sdudphwhu1 Wkh sduwldo dgmxvwphqw phfkdqlvp hqvxuhv wkdw vfdo
ehkdylrxu lv dhfwhg e| wkh ghvluh wr dyrlg yrodwlolw| lq wkh uvw glhuhqfh ri v|1 Lq
wklv vhqvh/ wkh ehkdylrxu lv vlplodu wr wkdw uhvxowlqj iurp d rqh shulrg kdelw prgho1
Khqfhiruwk/ zh xvh wkh whupv _kdelw% dqg _sduwldo dgmxvwphqw% lqwhufkdqjhdeo|1
Wkh uhvxowlqj vfdo srolf| uxoh/ zklfk lv wkh irfxv ri wklv sdshu/ fdq eh zulwwhq
dv=
v| @ g| . f . CJY DU| . t \ Y DU| . +4 ,v|3 . |= +:,
D qxpehu ri ihdwxuhv ri wklv vshflfdwlrq duh qrwdeoh1 Iluvw/ zh dvvxph wkdw wkh
vxusoxv lwvhoi lv vorz wr dgmxvw/ qrw mxvw wkh wd{ udwh1e Vhfrqg/ dv qrwhg lq wkh
prqhwdu| srolf| olwhudwxuh +iru h{dpsoh/ Wd|oru +4<<6, dqg Fodulgd hw do +4<<<,,/
sduw ri wkh dsshdo ri xvlqj ehkdylrxudo uxohv iru srolf| vhwwlqj lv wkdw wkh| duh riwhq
urexvw1 Dowkrxjk wkh uxoh lv prwlydwhg e| d wd{ vprrwklqj prgho/ lw pd| dovr
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fdswxuh qrq0wd{ vprrwklqj ehkdylrxu1 Dv orqj dv wkh vxusoxv uhvsrqgv wr wkh ohyho
ri ghew/ wkh exvlqhvv f|foh dqg whpsrudu| jryhuqphqw h{shqglwxuh lq d frqvlvwhqw
pdqqhu/ wkh uxoh zloo dffxudwho| ghvfuleh wkh ehkdylrxu ri wkh sulpdu| vxusoxv wr
JGS udwlr1
Wkh suhvhqfh ri vfdo kdelwv pd| uhhfw wkh srolf|pdnhuv* frqfhuq zlwk prgho
xqfhuwdlqw|1 Li srolf|pdnhuv duh xqfhuwdlq derxw wkh wuxh prgho/ txlfn srolf| uh0
vsrqvhv pd| lqyroyh elj plvwdnhv zklfk frxog kdyh ehhq dyrlghg zlwk vorz dg0
mxvwphqw1 Khqfh/ wkh srolf|pdnhu pd| dgmxvw wkh lqvwuxphqw voxjjlvko| +Eudlqdug
+4<9:,,1D Ri frxuvh/ li sduwldo dgmxvwphqw fdswxuhv wkh lpsdfwv ri prgho xqfhu0
wdlqw|/ dq lghdo dssurdfk zrxog eh wr prgho wklv gluhfwo|/ doorzlqj iru ohduqlqj e|
wkh srolf|pdnhu1 Wklv uhsuhvhqwv dq lqwhuhvwlqj rssruwxqlw| iru vxevhtxhqw uhvhdufk1
Lq frqwudvw wr rxu dssurdfk/ Wd|oru*v +4<<9 dqg 5333, vfdo uxoh lv qrw edvhg rq
wd{ vprrwklqj ehkdylrxu1 Kh ghfrpsrvhv wkh +qrq0sulpdu|, exgjhw vxusoxv +dv d
udwlr wr JGS, lqwr d frxqwhuf|folfdo frpsrqhqw dqg d vwuxfwxudo frpsrqhqw1 Kh
dujxhv wkdw wkh iruphu lv dvvrfldwhg zlwk dxwrpdwlf vwdelolvhuv dqg wkdw wkh odwwhu
lv grplqdwhg e| glvfuhwlrqdu| srolf| fkdqjhv1 Wd|oru +5333, vkrzv wkdw wkh frxq0
whuf|folfdo frpsrqhqw lv zhoo fkdudfwhulvhg e| d olqhdu uhodwlrq zlwk wkh rxwsxw jds1
Kh xvhv wkh Frqjuhvvlrqdo Exgjhw Rfh +FER, phdvxuh ri wkh vwuxfwxudo vxusoxv
wr phdvxuh wkh glvfuhwlrqdu| frpsrqhqw1S Rxu sursrvhg uxoh dovr lqfoxghv d whup
lqyroylqj wkh rxwsxw jds/ fdswxulqj wkh f|folfdo uhvsrqvh +ri wkh sulpdu| vxusoxv,1
Exw wkh wd{ vprrwklqj wkhru| lv xqlqirupdwlyh derxw wkh uhodwlyh sursruwlrqv ri
wklv f|folfdo hhfw h{sodlqhg e| dxwrpdwlf vwdelolvhuv dqg e| wkh vfdo dxwkrulwlhv*
f|folfdo qh0wxqlqj1
Lq wklv sdshu/ zh irfxv rq zkhwkhu htxdwlrq +:, surylghv d xvhixo edvlv iru qru0
pdwlyh vwdwhphqwv derxw wkh ryhudoo +f|folfdo soxv qrq0f|folfdo frpsrqhqwv, ri wkh
sulpdu| vxusoxv1 Wkh dgrswhg dssurdfk lv wr frpsduh wkh dfwxdo ehkdylrxu ri wkh
sulpdu| vxusoxv wr JGS udwlr zlwk wkh sdwk vxjjhvwhg e| wkh uxoh1 Ehiruh wklv
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vwhs fdq eh wdnhq/ krzhyhu/ wkh uhvhdufkhu pxvw vshfli| wkh sdudphwhuv / / f/
C dqg t 1 Wkhvh fdq hlwkhu eh hvwlpdwhg ru fdoleudwhg> exw lq erwk fdvhv/ wkh
uhvhdufkhu idfhv d qxpehu ri phdvxuhphqw sureohpv1 Zh frqvlghu wkhvh lq ghwdlo lq
wkh vxevhtxhqw vhfwlrq1
 +i@*|4i tU@* _@|@
Wkh lpsohphqwdwlrq ri d srolf| uxoh zklfk uhodwhv wkh sulpdu| vxusoxv wr frqwhpsr0
udqhrxvo| gdwhg pdfurhfrqrplf lqglfdwruv fdq eh wurxeohvrph iru d srolf|pdnhu lq
sudfwlfh1 W|slfdoo|/ wkh uhdo0wlph lqirupdwlrq vhw ri wkh srolf|pdnhu h{foxghv frq0
whpsrudqhrxv lqirupdwlrqwkh phdvxuhphqwv gdwhg w duh xqnqrzq dw wlph w1 Wkh
srolf|pdnhu revhuyhv suh0wlph w revhuydwlrqv wkdw duh/ lq hhfw/ phdvxuhphqwv zlwk
huuru1 Wkhvh gdwd duh vxemhfw wr uhshdwhg uhylvlrqv/ uhghqlwlrqv dqg uhehqfkpdunv1
Wkh vwdqgdug dssurdfk lq pdfurhfrqrphwulfv lv wr xvh wlph vhulhv phdvxuhphqwv
wdnhq dw wkh vdph srlqw lq wlph iru doo revhuydwlrqv iru doo yduldeohv1 Uhvhdufkhuv
w|slfdoo| ljqruh wkh lpsdfw ri gdwd uhphdvxuhphqwv lq wkh eholhi wkdw wkh| duh idluo|
xqlpsruwdqw/ shukdsv rqo| dhfwlqj wkh prvw uhfhqw frxsoh ri revhuydwlrqv1 Lq pdq|
fdvhv/ wklv dssurdfk suredeo| zrunv zhoo1 Uhfhqw zrun e| Furxvkruh dqg Vwdun
+5334, iru wkh XV kdv vkrzq/ krzhyhu/ wkdw wkh h{whqw ri gdwd uhphdvxuhphqwv fdq
eh yhu| odujh1 Dv Ruskdqlghv +5334, hpskdvlvhv/ li wkh phdvxuhphqwv frqiurqwlqj d
uhvhdufkhu hydoxdwlqj sdvw srolf| ghflvlrqv duh yhu| glhuhqw iurp wkrvh frqiurqwlqj
wkh srolf|pdnhu lq uhdo wlph/ wkh uhvhdufkhu zloo plvmxgjh krz wkh srolf|pdnhu uh0
vsrqgv wr fxuuhqw lqirupdwlrq1
Wr h{dplqh wklv lvvxh lq wkh frqwh{w ri vfdo uxohv/ zh frqvwuxfwhg d uhdo0wlph
XV vfdo gdwd vhw frqwdlqlqj wkh dfwxdo phdvxuhphqwv lq wkh sxeolf grpdlq dw +hqg,
Ghfhpehu ri hdfk |hdu iurp 4<;8 wr 4<<81 Lq frpprq zlwk wkh hduolhu zrun e|
Erkq +4<<;,/ zh xvhg fdohqghu |hdu phdvxuhphqwv suh0gdwlqj wkh 4<<9 uhirup ri
jryhuqphqw dffrxqwv +zklfk wkhuhdiwhu h{foxghg d phdvxuh ri fdslwdo h{shqglwxuh
iurp wkh phdvxuhg exgjhw vxusoxv,1. Iroorzlqj wkh uhdo0wlph zrun e| Furxvkruh
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dqg Vwdun +5334, dqg rwkhuv/ zh uhihu wr wkh gdwh ri wkh lqirupdwlrq vhw ri wkh
srolf|pdnhu dv wkh _ylqwdjh%1 Iru h{dpsoh/ wkh phdvxuhphqwv lq wkh sxeolf grpdlq
dw wkh hqg ri 4<;8 duh uhihuuhg wr dv wkh 4<;8 ylqwdjh1
Iru wkh sulpdu| vxusoxv/ zh rewdlqhg d wlph vhulhv ri phdvxuhphqwv ri wkh +QLSD/
fdohqghu |hdu, Ihghudo vxusoxv soxv qhw lqwhuhvw frvwv iurp hdfk dqqxdo lvvxh ri
wkh Hfrqrplf Uhsruw ri Wkh Suhvlghqw +wkh Hfrqrplf Uhsruw,1 Wklv sxeolfdwlrq
lv w|slfdoo| surgxfhg lq Iheuxdu| ri d jlyhq |hdu dqg uhylvlrqv fdq rffxu ehwzhhq
wklv gdwh dqg wkh hqg ri wkh fdohqghu |hdu1 Wr ghdo zlwk wklv lqwud0|hdu uhylvlrq
lvvxh/ zh xvhg wkh phdvxuhphqwv uhsruwhg lq wkh Ghfhpehu lvvxh ri wkh Frxqflo
ri Hfrqrplf Dgylvruv* Hfrqrplf Lqglfdwruv1 Wklv uhsruwv rqo| wkh prvw uhfhqw dqg
wkhuhiruh wkh prvw frpprqo| uhylvhg revhuydwlrqv1 Zkhuh wkh +Ghfhpehu, Hfrqrplf
Lqglfdwruv phdvxuhphqwv glhuhg iurp wkh +w|slfdoo| Iheuxdu|, Hfrqrplf Uhsruw/
zh xvhg wkh iruphu1 Wkh 4<;804<<8 lvvxhv ri wkh Hfrqrplf Uhsruw rqo| frqvlvwhqwo|
uhsruw vxusoxv phdvxuhphqwv iru wkh vdpsoh shulrg srvw 4<93/ khqfh zh uhvwulfw
rxu dqdo|vlv wr wklv shulrg1 Zh rewdlqhg JGS phdvxuhphqwv lq Ghfhpehu ri hdfk
|hdu iurp wkh Sklodghoskld Ihghudo Uhvhuyh Uhdo0Wlph Gdwd Vhw +vhh Furxvkruh dqg
Vwdun +5334,,1H Zh xvhg Erkq*v +4<<;, klvwrulfdo gdwd iru wkh ohyho ri wkh ghew vwrfn
+sulydwho| khog/ dw pdunhw ydoxh/ dw wkh vwduw ri wkh |hdu,1
Zh rewdlqhg d phdvxuh ri wkh wudqvlwru| frpsrqhqw ri uhdo jryhuqphqw h{shq0
glwxuh/ JYDU/ e| owhulqj plolwdu| h{shqglwxuh +rewdlqhg iurp wkh vdph vrxufhv dv
wkh vxusoxv gdwd/ rxwolqhg deryh,1 Zh frqvwuxfwhg wkh JY DU yduldeoh dv wkh ghyld0
wlrq iurp dq Krgulfn0Suhvfrww +4<;3, +KS, owhu0ghulyhg wuhqg +zlwk wkh vprrwklqj
sdudphwhu/ / vhw wr 733, glylghg e| wkh ohyho ri rxwsxw1 Zh frqvwuxfwhg wkh \ Y DU
yduldeoh/ zklfk phdvxuhv wkh wudqvlwru| frpsrqhqw ri rxwsxw/ dqdorjrxvo|1b D qxp0
ehu ri vwxglhv kdyh qrwhg glfxowlhv zlwk xvlqj wkh KS owhu iru ghfrpsrvlqj d wlph
vhulhv lqwr d wuhqg dqg f|foh +vhh/ iru h{dpsoh/ Kduyh| dqg Mdhjhu +4<<6, dqg Frjoh|
dqg Qdvrq +4<<8,,1 Ruskdqlghv dqg ydq Qrughq +5335, h{dplqh wkh yduldwlrqv lq
wkh XV rxwsxw jds wkdw rffxu iurp d ydulhw| ri owhulqj whfkqltxhv +xvlqj uhdo0wlph
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gdwd,1 Wkh devhqfh ri d wkhru|0edvhg dssurdfk wr wuhqg0f|foh ghfrpsrvlwlrq wkdw
lv urexvw wr uhdo0wlph phdvxuhphqwv uhsuhvhqwv dq lpsruwdqw sudfwlfdo gudzedfn
ri pdq| srolf| uxohv/ lqfoxglqj rxuv1f E| frqvlghulqj wkh lpsdfw ri uhdo0wlph uh0
phdvxuhphqwv rq wkh lpsohphqwdwlrq dqg lqwhusuhwdwlrq ri rxu sursrvhg vfdo uxoh
vxevhtxhqwo|/ zh vkdoo dgguhvv wkh urexvwqhvv wr gdwd xqfhuwdlqw| lvvxh gluhfwo| +iru
rxu jlyhq ghwuhqglqj whfkqltxh,1
Iru hdfk yduldeoh lq rxu uhdo0wlph vfdo gdwd vhw/ wkh vrxufhv rxwolqhg deryh
frqwdlq rqo| phdvxuhphqwv wkdw suh0gdwh wkh ylqwdjh1 Wklv odj ehwzhhq wkh gdwh
wr zklfk d phdvxuhphqw shuwdlqv dqg wkh gdwh ri wkh uvw sxeolvkhg phdvxuhphqw
frpsolfdwhv wkh lpsohphqwdwlrq ri d srolf| uxoh edvhg rq frqwhpsrudqhrxvo| gdwhg
h{sodqdwru| yduldeohv1 Iru h{dpsoh/ iru wkh exgjhw vxusoxv yduldeoh/ wkh odvw phd0
vxuhphqw frqwdlqhg lq wkh +Ghfhpehu, 4<;8 ylqwdjh uhihuv wr wkh fdohqghu |hdu 4<;71
Dv d uhvxow/ d srolf|pdnhu zlvklqj wr mxgjh wkh dssursuldwhqhvv ri srolf| lq Gh0
fhpehu 4<;8 xvlqj dfwxdo phdvxuhphqwv fdq rqo| h{dplqh wkh ehkdylrxu xs wr dqg
lqfoxglqj 4<;71 D srolf|pdnhu fdqqrw uhdfk mxgjhphqwv derxw wkh dssursuldwhqhvv
ri fxuuhqw srolf| li wkh uxoh lv rqo| lqirupdwlyh derxw wkh sdvw1 Lq wklv edfnzdug
orrnlqj irup/ wkh srolf| uxoh orvhv lwv dsshdo dv d sudfwlfdo ghvfulswlrq ri krz srolf|
vkrxog eh frqgxfwhg lq uhdo0wlph1
Iruwxqdwho|/ wkh lqirupdwlrq sureohp frqiurqwlqj wkh srolf|pdnhu lv qrw dv eohdn
dv lw uvw dsshduv1 Lq Ghfhpehu ri hdfk fdohqghu |hdu/ wkh srolf|pdnhu w|slfdoo|
nqrzv wkh suholplqdu| phdvxuhphqwv iru wkh uvw wkuhh txduwhuv dqg/ wkhuhiruh/ lv
deoh wr pdnh surmhfwlrqv derxw wkh phdvxuhphqwv iru wkh fdohqghu |hdu hqglqj Gh0
fhpehu zlwk frqvlghudeoh dffxudf|1 Wr prgho wklv frqmhfwxuhg ehkdylrxu e| wkh
srolf|pdnhu/ iru hdfk yduldeoh dqg ylqwdjh/ zh frqvwuxfwhg d iruhfdvw ri wkh frqwhp0
srudqhrxv phdvxuhphqwv +wkdw lv/ wkrvh uhihuulqj wr wkh |hdu ri wkh ylqwdjh gdwh,
xvlqj lqirupdwlrq dydlodeoh iurp wkh vrxufh sxeolfdwlrqv1 Zh uhihu wr wkhvh sdu0
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wldoo| iruhfdvw edvhg phdvxuhphqwv dv _uhdo0wlph% phdvxuhphqwv vlqfh wkh| uhhfw
wkh lqirupdwlrq dydlodeoh wr wkh srolf|pdnhu lq uhdo wlph1 E| xvlqj iruhfdvw lqiru0
pdwlrq lq wklv zd|/ wkh vfdo srolf| uxoh fdq eh xvhg iru fxuuhqw uhdo0wlph srolf|
dqdo|vlv1
Lq wkh uhvxowlqj uhdo0wlph gdwd vhw/ iru hdfk yduldeoh wkh gdwd duh vwruhg dv d pd0
wul{/ iroorzlqj wkh frqyhqwlrq hvwdeolvkhg e| Glherog dqg Uxghexvfk +4<<4,1 Hdfk
vxffhvvlyh froxpq yhfwru ri wklv pdwul{ uhsuhvhqwv d qhz ylqwdjh ri gdwd1 Zlwklq
dq| froxpq/ doo ri wkh fhoov duh frqvwuxfwhg iurp wkh dfwxdo phdvxuhphqwv uhfrughg
lq wkh sxeolvkhg vrxufhv/ h{fhsw wkh odvw fhoo/ zklfk uhihuv wr wkh wlph shulrg gdwhg
wkh vdph dv wkh ylqwdjh gdwh1 Wkh odvw gdwd srlqw/ d _uhdo0wlph% phdvxuhphqw/ lv
edvhg rq iruhfdvw lqirupdwlrq1 Wkh vhw ri uhdo0wlph phdvxuhphqwv iru wkh shulrg
4<;8 wr 4<<8 frpsulvh wkh odvw hohphqwv lq wkh 44 froxpqv/ rqh iru hdfk ylqwdjh
gdwh1 Qrwh wkdw doo ri wkh jxuhv uhsruwhg lq wkh gdwd vhw/ uhdo0wlph dqg rwkhuzlvh/
duh edvhg hqwluho| rq lqirupdwlrq lq wkh sxeolf grpdlq dw wkh ylqwdjh gdwh vkrzq1
Pruh ghwdlov ri wkh gdwd xvhg dqg vrxufhv iru doo yduldeohv duh frqwdlqhg lq wkh Gdwd
Dsshqgl{ dqg rq wkh zhevlwh kwws=@@zzz1hfrq1fdp1df1xn2gdh2uhvhdufk2ghew21
Vxppdu| vwdwlvwlfv iru wkh shulrg 4<;8 wr 4<<8 duh vkrzq lq Wdeoh 4/
Wdeoh 4= Vxppdu| Vwdwlvwlfv
Yduldeoh DYJH VG PLQ PD[
v|*| 0313354 3133;< 0313473 31343<
v|*bD 0313363 3133<9 0313497 31343<
g|*| 316;;4 313833 31644; 31785<
g|*bD 316;77 313859 316335 317856
\ Y DU|*| 0313469 313465 03135<8 31349:
\ Y DU|*bD 031336< 31347: 0313556 3134;7
JYDU|*| 0313343 31339< 0313397 313483
JYDU|*bD 31334: 313375 031338: 31339:
zkhuh/ DYJH lv wkh dulwkphwlf phdq/ VG lv wkh vwdqgdug ghyldwlrq/ PLQ lv wkh
plqlpxp dqg PD[ lv wkh pd{lpxp1 Iru hdfk yduldeoh {/ {|*T lv wkh phdvxuhphqw
ri {| dw ylqwdjh gdwh Y 1 Khqfh/ wkh gdwd {|*| duh wkh uhdo0wlph phdvxuhphqwv1
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Wkh pdmru uhphdvxuhphqwv lq rxu gdwd rffxu lq wkh JY DU dqg \ Y DU yduldeohv/
zklfk uhtxluh uhdo0wlph owhulqj1 Iru h{dpsoh/ wkh +devroxwh, uhdo0wlph phdq ri
wkh \ Y DU yduldeoh lv pruh wkdq wkuhh wlphv wkdw ri wkh 4<<8 ylqwdjh ydoxh1 Wkh
sulpdu| vxusoxv0JGS udwlr dqg wkh ghew0JGS udwlr duh vxemhfw wr yhu| olwwoh uhdo0
wlph yduldwlrq1 Iljxuhv 4d dqg 4e vkrz wkh uhdo0wlph phdvxuhphqwv dqg wkh 4<<8
ylqwdjh phdvxuhphqwv ri JYDU dqg \ Y DU iru w gdwhg 4<;8 wr 4<<81
Pdqnlz hw do +4<;7, dqg Pdqnlz dqg Vkdslur +4<;9, vxjjhvw wkh iroorzlqj fdwh0
jrulvdwlrq ri d uhphdvxuhphqw surfhvv1 Ghqh d uhylvlrq iru hdfk revhuydwlrq dv wkh
glhuhqfh ehwzhhq wkh uhdo0wlph phdvxuhphqw dqg wkh qdo ylqwdjh phdvxuhphqw1
Li wkh fruuhodwlrq ehwzhhq wkh uhdo0wlph phdvxuhphqwv dqg wkh uhylvlrqv lv kljk exw
wkh fruuhodwlrq ehwzhhq wkh qdo phdvxuhphqwv dqg wkh uhylvlrqv lv orz/ wkhq wkh
uhylvlrqv duh fdwhjrulvhg dv _qrlvh%1 Rq wkh rwkhu kdqg/ li wkh fruuhodwlrq ehwzhhq
wkh uhdo0wlph phdvxuhphqwv dqg wkh uhylvlrqv lv orz exw wkh fruuhodwlrq ehwzhhq wkh
qdo phdvxuhphqwv dqg wkh uhylvlrqv lv kljk/ wkhq wkh uhylvlrqv duh fdwhjrulvhg dv
_qhzv%1 Wdeoh 5 vkrzv wkhvh fruuhodwlrq jxuhv iru wkh vxusoxv/ ghew/ \ Y DU dqg
JYDU yduldeohv1
Wdeoh 5= Fruuhodwlrqv/ 4<;804<<7
v| g| \ Y DU| JYDU|
Uhylvlrqv dqg qdo 3173< 319;3 31758 0315;3
Uhylvlrqv dqg uhdo0wlph 03147: 3196: 0315;: 031;:9
Wkh uhylvlrqv wr wkh yduldeohv lq rxu srolf| uxoh duh fdwhjrulvhg dv qhzv/ h{fhsw
wkrvh wr JYDU zklfk dsshdu wr eh qrlvh1 Wkh suhvhqfh ri qrlvh lq dq h{sodqdwru|
yduldeoh lpsolhv wkdw hvwlpdwlrq ri wkh srolf| uxoh xvlqj wkh uhylvhg gdwd zloo |lhog
eldvhg sdudphwhu hvwlpdwhv1 Zh vkdoo uhwxuq wr wklv lvvxh vxevhtxhqwo|1
e L*U) i@*@|L? t?} hi@*|4i _@|@
Wr lqwhusuhw htxdwlrq +:, dv d vfdo srolf| uxoh/ zh frpsduh wkh vfdo vwdqfh lpsolhg




Wd|oru*v +4<<6, dssurdfk wr vshfli|lqj wkh xqnqrzq sdudphwhuv ri d srolf| uxoh
lqyroyhv fdoleudwlrq/ udwkhu wkdq hvwlpdwlrq1 Wkh gudzedfn lv wkdw lw fdq eh glfxow
wr mxvwli| wkdw wkh sdudphwhu ydoxhv duh _uhdvrqdeoh%1 Iru rxu vfdo uxoh/ zh dvvxph
wkdw  lv dssur{lpdwho| 318vr wkdw wkh sulpdu| vxusoxv wr rxwsxw udwlr pryhv
kdoizd| wr wkh ghvluhg ohyho lq d jlyhq shulrg1 Wdnlqj Erkq*v +4<<;, xsshu hvwlpdwh
iru / lq wkh uhjlrq ri 3138/ dvvxplqj htxdo zhljkwv rq wkh JYDU dqg \ Y DU
yduldeohv +vhw duelwudulo| wr 3158, dqg xvlqj Erkq*v lqwhufhsw +edvhg rq srvw04<93
gdwd, surgxfhv wkh iroorzlqj uxoh=2
v| @ 3=36g|  3=34 3=58JYDU|  3=58\ Y DU| . 3=83v|3= +;,
Iljxuh 5 vkrzv wkh wwhg dqg dfwxdo sorwv xvlqj wkh 4<<8 ylqwdjh gdwd iru htxdwlrq
+;,1 Ljqrulqj wkh uhdo0wlph gdwd lvvxh iru wkh prphqw/ d qrupdwlyh lqwhusuhwdwlrq
ri wkh srolf| uxoh lqyroyhv frpsdulqj wkh dfwxdo exgjhw vxusoxv zlwk wkdw lpsolhg
e| wkh uxoh1 Wkh uxoh lpsolhv wkdw/ iru h{dpsoh/ wkh vfdo vwdqfh zdv wrr orrvh lq
4<:8/ lq uhvsrqvh wr wkh uvw rlo sulfh vkrfn1 Lw zdv wrr orrvh djdlq lq wkh hduo|
4<;3v/ vwhpplqj iurp wkh Uhdjdq Dgplqlvwudwlrq*v 4<;4 Hfrqrplf Uhfryhu| Wd{
Dfw/ zklfk skdvhg lq wd{ fxwv ryhu wkh vxffhvvlyh wzr |hduv1 Wkh uhodwlyho| vpdoo
ghyldwlrq iurp wkh wd{ vprrwklqj sdwk uhhfwv wkh lpsdfw ri wkh plolwdu| h{sdqvlrq
ri wkdw dgplqlvwudwlrq1 Rwkhu shulrgv ri vfdo lpsuxghqfh lqfoxgh 4<;80;9 dqg wkh
hduo| 4<<3v1 Wkh uvw ri wkhvh iroorzv wkh uhshdwhg dwwhpswv dw ghflw uhgxfwlrq
iroorzlqj wkh sdvvlqj ri Wkh Hfrqrplf Uhfryhu| Wd{ Dfw dqg frlqflghv zlwk wkh
Judpp0Uxgpdq0Kroolqjv eloo +uhjduglqj ghflw fhlolqjv dqg d sursrvdo wr holplqdwh
wkh ghflw e| 4<<4/ pruh irupdoo| nqrzq dv Wkh Edodqfhg Exgjhw dqg Hphujhqf|
Ghflw Frqwuro Dfw,1 Wkh vhfrqg iroorzv wkh Exgjhw Hqirufhphqw Dfw ri 4<<3 dqg
Exvk*v ghflvlrq wr uhqhjh rq klv hduolhu fdpsdljq surplvh wr dyrlg udlvlqj wd{hv1
Shulrgv ri h{fhvvlyho| wljkw srolf| lqfoxgh wkh hduo| 4<93v/ sulru wr wkh lpsohphq0
wdwlrq ri wkh Nhqqhg| wd{ sodq> dqg wkh shulrg 4<9;09</ dvvrfldwhg zlwk ghhshqlqj
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plolwdu| lqyroyhphqw lq wkh Ylhwqdp Zdu1
Qrupdwlyh lqwhusuhwdwlrqv ri wklv w|sh fdq eh plvohdglqj lq wkh suhvhqfh ri gdwd
xqfhuwdlqw| krzhyhu1 Hdfk ylqwdjh lqfoxghv uhphdvxuhphqwv wr wkh gdwd wkdw frxog
dowhu wkh h{ srvw srolf| hydoxdwlrqv1 Iljxuh 6 vkrzv wkh udqjh ri wkh sulpdu| vxusoxv
wr JGS udwlr lpsolhg e| wkh uxoh xvlqj wkh vhtxhqfh ri ylqwdjhv iurp Ghfhpehu 4<;8
wr Ghfhpehu 4<<81 Ylhzlqj wkh uhdo0wlph uhphdvxuhphqwv dv uhshdwhg phdvxuhphqwv
zlwk huuru/ wklv udqjh fdswxuhv wkh h{whqw ri gdwd xqfhuwdlqw| ryhu wkh 44 ylqwdjhv rq
wkh fdoleudwhg uxoh1 Iru frpsdulvrq/ Iljxuh 6 dovr vkrzv wkh uhdo0wlph phdvxuhphqwv
ri wkh dfwxdo exgjhw vxusoxv1 Doo ri wkh vxevwdqwlyh srolf| frqfoxvlrqv uhpdunhg
xsrq deryh +edvhg rq wkh 4<<8 ylqwdjh gdwd, duh urexvw wr wklv uhsuhvhqwdwlrq ri
wkh uhdo0wlph gdwd xqfhuwdlqw|1e
e2 ,t|4@|L? @TThL@U
Dq dowhuqdwlyh dssurdfk wr fdoleudwlrq ri wkh sdudphwhuv lv hvwlpdwlrq1 Lq Wdeoh
6/ Froxpq 4/ zh uhsruw wkh sdudphwhuv hvwlpdwhg e| Ruglqdu| Ohdvw Vtxduhv iru
htxdwlrq +:, ryhu wkh vdpsoh 4<9304<<7/ edvhg rq 4<<8 ylqwdjh gdwd/ h{foxglqj wkh
4<<8 uhdo0wlph gdwd srlqw1
Iru frpsdulvrq/ lq Froxpq 5 zh uhsruw wkh vdph prgho hvwlpdwhg ryhu wkh
vdpsoh 4<9304<<8/ xvlqj wkh vdph 4<<8 ylqwdjh/ exw lqfoxglqj wkh 4<<8 iruhfdvw0
edvhg gdwd srlqw1 Lq Froxpq 6/ zh vkrz wkh hvwlpdwhg sdudphwhuv iru wkh vdph
prgho xvlqj Erkq*v +4<<;, gdwd ryhu wkh 4<9304<<8 vdpsoh1 Erkq*v gdwd lqfoxgh
qrq0owhuhg phdvxuhv ri JYDU dqg \ Y DU/ wdnhq iurp Eduur*v +4<;9d, hduolhu zrun
edvhg rq vlqjoh htxdwlrq phwkrgv ri lghqwli|lqj xqdqwlflsdwhg vkrfnv/ dqg h{whqghg
wr wkh dssursuldwh vdpsoh shulrg1D Lq doo fdvhv/ wkh sduwldo dgmxvwphqw sdudphwhu/
/ lv srvlwlyh/ vljqlfdqw dqg odujhvxjjhvwlqj wkdw vfdo kdelwv duh dq lpsruwdqw
ihdwxuh ri sulpdu| vxusoxvhv1S Wklv uhvxow frqupv wkh qglqj e| Fdq}rqhul hw do
Ai 4i@thi4i?|t tL? ThibHD @hi uhL4 |i bHD ?|@}i
eNt?} |i h*i ? UL??U|L? | L?*) ?L?uLhiU@t| _@|@ )i*_t t4*@h TL*U) ?|ihThi|@|L?t
DL? EbbH hiTLh|t hit*|t M@ti_ L? @ 4L_i* |L| @M|t Ei^@|L? Ee Oi ?_t t|hL?}
tTTLh| uLh tt|@?@M*|) M@ti_ L? *L?}ih t@4T*it @?_ ti*iU|i_ tMt@4T*it
SW? |iLh)c |i ti Lu U@*i?_ih )i@h h@|ih |@? tU@* )i@h _@|@ UL*_ ?_Ui 4L?} @ih@}i
ihhLht W? Th@U|Uic i uL?_ ?L i_i?Ui Lu |t uLh |i @M| 4L_i* Ai ti Lu E@ @hi|) Lu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+5335, ri sulpdu| vxusoxv shuvlvwhqfh lq srvw0ZZLL XV gdwd1
Wdeoh 6= Uhjuhvvlrq uhvxowv +ghshqghqw yduldeoh v|,
H{sodqdwru| Yduldeoh Froxpq 4 Froxpq 5 Froxpq 6
g| 31364 3135: 31345
+31348, +31347, +31346,
LQSW 03133< 03133; 03133:
+31338, +31337, +31337,
JY DU| 03173: 0316:3 0317:5
+31576, +31566, +314:3,
\ Y DU| 03168< 031684 041;<:
+31397, +31395, +31793,





Gxuelq*v k 316: 3169 4187
+Vwdqgdug huuruv duh vkrzq lq sduhqwkhvhv1,
Iljxuh 7 vkrzv wkh wwhg dqg dfwxdo sorwv iru htxdwlrq +:, zlwk wkh sdudphwhuv
hvwlpdwhg e| ROV xvlqj wkh 4<<8 ylqwdjh gdwdfruuhvsrqglqj wr Wdeoh 6/ Froxpq
51 Wkh wwhg olqh lq Iljxuh 7 lv yhu| vlplodu wr lwv htxlydohqw xvlqj wkh fdoleudwlrq ds0
surdfk/ Iljxuh 51 Khqfh/ wkh qrupdwlyh lqwhusuhwdwlrqv ri wkh uxoh duh forvh wr wkrvh
iru wkh fdoleudwlrq fdvh1 D qrwdeoh h{fhswlrq lv wkh frxqwhulqwxlwlyh lqwhusuhwdwlrq
ri 4<;404<;5 shulrg dv ehlqj voljkwo| wrr vfdoo| frqvhuydwlyh1
Iljxuh 8 vkrzv wkh yduldwlrq lq wkh suhglfwlrqv uhvxowlqj iurp uhfxuvlyh hvwlpdwlrq
ri wkh uxoh/ xvlqj wkh vhtxhqfh ri ylqwdjhv iurp 4<;8 wr 4<<8> wkh srolf| lqwhusuhwd0
wlrqv duh odujho| lqyduldqw wr wklv wuhdwphqw ri wkh gdwd xqfhuwdlqw|1 Dq lpsruwdqw
h{fhswlrq wr wklv jhqhudolvdwlrq/ krzhyhu/ lv wkh lqwhusuhwdwlrq ri 4<;5 vfdo srolf|
dv wrr uhvwulfwlyhwkdw frqfoxvlrq lv qrw urexvw wr uhdo0wlph gdwd uhphdvxuhphqwv1
Wkh frhflhqwv duh ylqwdjh ghshqghqw lq wkh hvwlpdwlrq dssurdfk/ fdxvlqj pruh
yduldwlrq lq wkh lpsolhg wd{ vprrwklqj sdwk wkdq lq wkh fdoleudwlrq fdvh +vkrzq
lq Iljxuh 6,1 Iljxuh 9 sorwv wkh glhuhqfh ehwzhhq wkh udqjh ri ydoxhv lpsolhg e|
?uLh4@|L? Uh|ih@ uLh 4L_i* ti*iU|L? t}}it|i_ |@| |i @M| tTiUU@|L? t Thiuih@M*i |L |i
?L @M| 4L_i* | 4L?} @ih@}i ihhLht
47
wkh hvwlpdwhg dqg fdoleudwhg prghov uhvshfwlyho|1 Wkh hvwlpdwlrq dssurdfk jlyhv d
zlghu udqjh ri srolf| uhfrpphqgdwlrqv/ h{fhsw iru wkh shulrg 4<9:04<9<1
D fdyhdw wr wkh deryh lqwhusuhwdwlrq lv wkdw wkh sdudphwhuv uhsruwhg lq Wdeoh
6 duh olnho| wr eh eldvhg1 Wkhuh duh wzr vrxufhv ri srwhqwldo eldv1 Iluvw/ wkh qrlvh
lq wkh lqlwldo phdvxuhphqwv ri wkh h{sodqdwru| yduldeohv/ lq sduwlfxodu JYDU/ zloo
lqwurgxfh huuruv lq yduldeohv1 Vhfrqg/ wkh frqwhpsrudqhrxv h{sodqdwru| yduldeohv
duh hqgrjhqrxv1 Dowkrxjk lqvwuxphqwdo yduldeohv fdq gholyhu frqvlvwhqw hvwlpdwhv
ri wkh sdudphwhuv/ zh irxqg wkdw lq sudfwlfh odjv ri wkh h{sodqdwru| yduldeohv zhuh
h{wuhpho| zhdn lqvwuxphqwv1
D L?U*tL?t
Lq wklv sdshu/ zh kdyh h{dplqhg d vfdo srolf| uxoh zlwk h{solflw olqnv wr wkh wkhru| ri
wd{ vprrwklqj1 Zh kdyh frqvwuxfwhg d uhdo0wlph vfdo gdwd vhw lq rughu wr lqyhvwljdwh
wkh urexvwqhvv ri wkh srolf| frqfoxvlrqv wr uhdo0wlph gdwd uhphdvxuhphqwv1 Zh
kdyh irxqg wkdw e| fdoleudwlqj wkh uhohydqw sdudphwhuv/ wkh uxoh fdq eh xvhg wr
surylgh urexvw wlpho| srolf| dqdo|vlv vxlwdeoh iru sudfwlfdo lpsohphqwdwlrq e| d
srolf|pdnhu1 Wkh srolf| lpsolfdwlrqv zhuh voljkwo| ohvv urexvw wr gdwd xqfhuwdlqw|
zkhq wkh sdudphwhuv ri wkh uxoh zhuh hvwlpdwhg1 Zh kdyh dujxhg wkdw wkh hpslulfdo
ydolglw| ri vfdo kdelwv pd| uhhfw wkh fdxwlrxv ehkdylrxu ri vfdo srolf|pdnhuv
zkhq frqiurqwhg e| gdwd xqfhuwdlqw|1 Prghoolqj wklv olqn irupdoo| uhsuhvhqwv dq
lqwhuhvwlqj duhd iru ixwxuh uhvhdufk1
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TTi?_ 
Ghulydwlrq ri htxdwlrq +7, ri wkh pdlq wh{w
Iroorzlqj Vdujhqw*v +4<;:/ s 6;806;;, wh{werrn suhvhqwdwlrq/ zh ehjlq zlwk wkh












> 3 ?  ? 4 +4,
dqg=
G|n @ U ^G| .J|  W|` = +5,
Glylglqj wkh vhfrqg htxdwlrq e| \| dqg dvvxplqj frqvwdqw wuhqg jurzwk/ wkh




^g| . j|  |` +<,
zkhuh  @ t|n
t|





dqg vroylqj htxdwlrq +<, iruzdug=
"[
'f




zkhuh zh dvvxph wkdw U2# A 41
Wkh vroxwlrq lpsolhv wkh idploldu frqglwlrq=











Dvvxplqj wkdw U# @ 4/ wklv lpsolhv wkdw wd{ udwhv iroorz d pduwlqjdoh surfhvv
uhjdugohvv ri wkh surfhvv iroorzhg e| ij|j1
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Sxuvxlqj wkh dqdorj| zlwk frqvxpswlrq vprrwklqj/ wkh shupdqhqw jryhuqphqw














U3# H|j|n . e|
6
8 = +46,
Vxssrvh wkdw j| iroorzv wkh surfhvv=






j2 ? .4 +47,
zkhuh j lv wkh phdq ri wkh jryhuqphqw h{shqglwxuh0rxwsxw udwlr1 Wkhq=
%| @ j| Hj|m4> j|3> j|32> === +48,
zkhuh %| lv wkh lqqrydwlrq surfhvv1
Lq wkh vshfldo fdvh zkhuh U# @ 4/ wkh surmhfwlrq ri wd{ udwhv rq jryhuqphqw
















> 3 ? e ? 4= +4:,

















































^%| . %|3 . %|32 . ===` = +55,
Dqg iru wkh ghew vwrfn udwlr +xvlqj +5,/ +53, dqg +55,,=
g|n @ U#g| .U# ^j|  |`
@ U#g| . e ^%| . %|3 . %|32 . ===` eU# ^%|3 . %|32 . ===` +56,
@ e ^%| . %|3 . %|32 . ===` =
Khqfh/ wkh jryhuqphqw +sulpdu|, vxusoxv0rxwsxw udwlr fdq eh h{suhvvhg dv=





^%| . %|3 . %|32 . ===` %|  +4 e, ^%|3 . %|32 . ===`
@ eU3# ^%| . +4U#,+%|3 . %|32 . ===,` = +57,
Dssurdfklqj wkh olplw e @ 4 +iru sxuho| wudqvlwru| vkrfnv,=
v| @ U
3
# ^%| . +4U#,+%|3 . %|32 . ===,`  U
3
# ^%| . +4U#,g|` = +58,
Wklv lpsolhv wkdw lq uhvsrqvh wr d wudqvlwru| vkrfn wr j/ vxfk dv wkdw uhvxowlqj
iurp d zdu/ wkh vxusoxv zloo uhvsrqg wr wkh vkrfn lwvhoi +e| qhduo| wkh ixoo dprxqw,
dqg wkh vwrfn ri ghew dw wkh vwduw ri wkh shulrg1 Wkh wudqvlwru| vkrfnv duh fdswxuhg
e| JY DU| dqg wkh ghew ihhgedfn e| g| lq htxdwlrq +7, ri wkh pdlq wh{w1
D wudqvlwru| vkrfn wr | +xqfruuhodwhg zlwk wuhqg rxwsxw jurzwk,/ vxfk dv wkdw
uhvxowlqj iurp wkh exvlqhvv f|foh/ zloo +e| frqvwuxfwlrq, kdyh qr lpsdfw rq j| exw
dq lpphgldwh lpsdfw rq | lwvhoi1 Khqfh/ exvlqhvv f|foh vkrfnv fdswxuhg e| \ Y DU|
vkrxog kdyh d rqh0shulrg frqwhpsrudqhrxv lpsdfw rq v| dv vxjjhvwhg e| htxdwlrq
+7, ri wkh pdlq wh{w1
Wkh frqvwdqw +lq htxdwlrq +7, ri wkh pdlq wh{w, doorzv iru dq| v|vwhpdwlf eldv




QLSD= Hfrqrplf Lqglfdwruv/ suhsduhg iru wkh
Vxusoxv +V|, Mrlqw Frpplwwhh e| wkh Frxqflo ri Hfrqrplf Dgylvruv
Lqwhuhvw frvw +L|, Ghfhpehu lvvxhv/ ydulrxv |hduv1
Ghihqfh h{s +GHI|, Wdeohv +eloolrqv ri grooduv/ fdohqgdu |hdu,=
Ihghudo vhfwru/ qdwlrqdo lqfrph dffrxqwv edvlv1
Hfrqrplf Uhsruw ri wkh Suhvlghqw
XV Jryw Sulqwlqj Rfh/ Zdvklqjwrq GF/ ydulrxv lvvxhv1
Wdeohv +eloolrqv ri grooduv/ fdohqgdu |hdu,=
Ihghudo jryhuqphqw uhfhlswv dqg h{shqglwxuhv>
qdwlrqdo lqfrph dqg surgxfw dffrxqwv +QLSD,1
Qrq0QLSD= Hfrqrplf Lqglfdwruv/ suhsduhg iru wkh
Vxusoxv +V|, Mrlqw Frpplwwhh e| wkh Frxqflo ri Hfrqrplf Dgylvruv
Lqwhuhvw frvw +L|, Ghfhpehu lvvxhv/ ydulrxv |hduv1
Ghihqfh h{s +GHI|, Wdeoh +eloolrqv ri grooduv/ vfdo |hdu,=
Ihghudo exgjhw uhfhlswv e| vrxufh dqg rxwod|v e| ixqfwlrq>
Ihghudo exgjhw uhfhlswv dqg rxwod|v/ dqg ghew1
Hfrqrplf Uhsruw ri wkh Suhvlghqw
XV Jryw Sulqwlqj Rfh/ Zdvklqjwrq GF/ ydulrxv lvvxhv1
Wdeohv +eloolrqv ri grooduv/ vfdo |hdu,=
Ihghudo uhfhlswv dqg rxwod|v/ e| pdmru fdwhjru|/
dqg vxusoxv ru ghflw> Jryhuqphqw qdqfh1
Qrplqdo rxwsxw +Q\|, Ihghudo Uhvhuyh Edqn ri Sklodghoskld/ Uhdo Wlph Gdwd Vhw1
Uhdo rxwsxw +U\|, kwws=@@zzz1sklo1iue1ruj2ohv2iruhfdvw
Q\| @ 7 txduwhu dyhudjh ri QRXWSXW
+eloolrqv ri grooduv/ vhdvrqdoo| dgmxvwhg/ dqqxdo udwh,1
Qrp JGS gdwdvhwv sulru wr Ghf <5> qrp JGS wkhuhdiwhu1
U\| @ 7 txduwhu dyhudjh ri URXWSXW
+eloolrqv ri grooduv/ vhdvrqdoo| dgmxvwhg/ dqqxdo udwh,
Uhdo/ {hg0zhljkw JQS lq doo gdwdvhwv sulru wr Ghf <5>
uhdo/ {hg0zhljkw JGS lq doo gdwdvhwv Ghf <5 0 Ghf <8>
uhdo/ fkdlq0zhljkw JGS lq gdwdvhwv iurp Ghf <91
7wk txduwhu revhuydwlrq iru fxuuhqw fdohqgdu |hdu +iruhfdvw,
wdnhq iurp Juhhqerrn
kwws=@@zzz1sklo1iue1ruj2hfrq2iruhfdvw2vfdqqhggdwdvhwv1kwpo
Udwlr ri sxeolf ghew Iurp Erkq +4<<;,1 Sulydwho| khog sxeolf ghew/ dw pdunhw




Iru |hdu w ylqwdjh vxusoxv/ lqwhuhvw frvw dqg ghihqfh h{shqglwxuh/ wkh prvw uhfhqw
revhuydwlrq lq wkh sxeolf grpdlq lv iru Txduwhu 6 lq |hdu w1 Zh xvh qrq0QLSD
iruhfdvw gdwd wr fuhdwh d iruhfdvw iru fdohqgdu |hdu w dv iroorzv1
41 Wudqvirup vfdo |hdu +uxqv iurp 4 Rfwrehu ri suhfhglqj fdohqgdu |hdu wr 64




@ 3=:8QQs| . 3=58QQ
s
|n
zkhuh QQ ghqrwhv qrq0QLSD phdvxuhphqwv/ vxshuvfulsw f ghqrwhv fdohqgdu |hdu/
dqg vxshuvfulsw i ghqrwhv vfdo |hdu1
51 Uxq wkh iroorzlqj uhjuhvvlrq iru hdfk ylqwdjh +doo gdwd duh qrz lq fdohqgdu
|hdu irupdw,=
QS| @  . 2QQ
S
| . x|
zkhuh Q ghqrwhv QLSD phdvxuhphqwv1 Xvh wkh uhvxowlqj hvwlpdwhg frhflhqwv + a
dqg a2, wr fuhdwh QLSD iruhfdvw iru wkh fxuuhqw fdohqgdu |hdu1
Yduldeoh ghqlwlrqv
v|*T @ f*T . *T g|*T . 2*TJY DU|*T . *T \ Y DU|*T . e*T v|3*T . %|*T
Iru hdfk yduldeoh {/ {|*T lv wkh phdvxuhphqw ri {| dw ylqwdjh gdwh Y >wkh frhflhqwv




















dqg wuhqg+=, wkh KS owhu0
ghulyhg wuhqg/






Dl|djdul/ U1/ D1 Pdufhw/ W1M1 Vdujhqw dqg M1 Vhssdod +5334, _Rswlpdo wd{dwlrq
zlwkrxw vwdwh frqwlqjhqw ghew%/ plphr/ Xqlyhuvlw| ri Vwdqirug1
Dohvlqd/ D1 dqg D1 Gud}hq +4<<4, _Zk| duh vwdelolvdwlrqv ghod|hgB%/ Dphulfdq
Hfrqrplf Uhylhz/ ;4/ 44:3044;;1
Dohvlqd/ D1/ U1 Shurwwl dqg M1 Wdyduhv +4<<;, _Wkh srolwlfdo hfrqrp| ri vfdo
dgmxvwphqwv%/ Eurrnlqjv Sdshuv rq Hfrqrplf Dfwlylw|/ 4/ 4<:05991
Eduur/ U1M1 +4<:<, _Rq wkh ghwhuplqdwlrq ri sxeolf ghew%/ Mrxuqdo ri Srolwlfdo
Hfrqrp|/ ;:/ <730<:41
Eduur/ U1M1 +4<;9d, _XV ghflwv vlqfh Zruog Zdu L%/ Vfdqglqdyldq Mrxuqdo ri
Hfrqrplfv/ ;;/ 4<805551
Eduur/ U1M1 +4<;9e, _Wkh ehkdylru ri Xqlwhg Vwdwhv ghflwv%/ lq U1 Jrugrq +hg,
Wkh Dphulfdq Exvlqhvv F|foh= Frqwlqxlw| dqg Fkdqjh/ Fklfdjr1
Erkq/ K1 +4<<;, _Wkh ehkdylrxu ri XV sxeolf ghew dqg ghflwv%/ Txduwhuo|
Mrxuqdo ri Hfrqrplfv/ 446/ <7<0<961
Eudlqdug/ Z1F1 +4<9:, _Xqfhuwdlqw| dqg wkh hhfwlyhqhvv ri srolf|%/ Dphulfdq
Hfrqrplf Uhylhz/ 8:/ 74407581
Fdq}rqhul/ P1E1/ U1H1 Fxpe| dqg E1W1 Gled +5335, _Lv wkh sulfh ohyho ghwhu0
plqhg e| wkh qhhgv ri vfdo vroyhqf|B%/ Dphulfdq Hfrqrplf Uhylhz/ iruwkfrplqj1
Fdq}rqhul/ P1E1 dqg E1W1 Gled +5334, _Wkh Vwdelolw| dqg Jurzwk Sdfw= d gho0
lfdwh edodqfh ru dq doedwurvvB%/ lq H1 Euxqlod/ P1 Exwl dqg G1 Iudqfr +hgv, Wkh
Vwdelolw| dqg Jurzwk Sdfw= wkh Dufklwhfwxuh ri Ilvfdo Srolf| lq HPX/ Sdojudyh/
Pdfploodq Suhvv1
Fodulgd/ U1/ M1 Jdol dqg P1 Jhuwohu +4<<<, _Wkh vflhqfh ri prqhwdu| srolf|= d
Qhz Nh|qhvldq shuvshfwlyh%/ Mrxuqdo ri Hfrqrplf Olwhudwxuh/ 6:/ 499404:3:1
Fodun/ S1N1 +4<;:, _Wkh f|folfdo frpsrqhqw ri XV hfrqrplf dfwlylw|%/ Txduwhuo|
Mrxuqdo ri Hfrqrplfv/ 435/ :<:0;471
Frjoh|/ W1 dqg M1P1 Qdvrq +4<<8, _Hhfwv ri wkh Krgulfn0Suhvfrww Ilowhu rq
wuhqg dqg glhuhqfh vwdwlrqdu| wlph vhulhv= lpsolfdwlrqv iru exvlqhvv f|foh uhvhdufk%/
Mrxuqdo ri Hfrqrplf G|qdplfv dqg Frqwuro/ 4</ 58605:;1
Furxvkruh/ G1 dqg W1 Vwdun +5334, _D uhdo0wlph gdwd vhw iru pdfurhfrqrplvwv%/
Mrxuqdo ri Hfrqrphwulfv/ 438/ 44404631
Glherog/ I1[1 dqg J1G1 Uxghexvfk +4<<4, _Iruhfdvwlqj rxwsxw zlwk wkh frp0
srvlwh ohdglqj lqgh{%/ Mrxuqdo ri wkh Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq/ ;9/ 93609431
Ixkuhu/ M1F1 +5333, _Kdelw irupdwlrq lq frqvxpswlrq dqg lwv lpsolfdwlrqv iru
prqhwdu|0srolf| prghov%/ Dphulfdq Hfrqrplf Uhylhz/ <3/ 6/ 69:06<31
Kduyh|/ D1F1 +4<;8, _Wuhqgv dqg f|fohv lq pdfurhfrqrplf wlph vhulhv%/ Mrxuqdo
ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/ 6/ 549055:1
Kduyh|/ D1F1 dqg D1 Mdhjhu +4<<6, _Ghwuhqglqj/ vw|ol}hg idfwv dqg wkh exvlqhvv
f|foh%/ Mrxuqdo ri Dssolhg Hfrqrphwulfv/ ;/ 564057:1
Krgulfn/ U1M1 dqg H1F1 Suhvfrww +4<;3, _Srvwzdu XV exvlqhvv f|fohv= dq hpslu0
lfdo lqyhvwljdwlrq%/ Fduqhjlh Phoorq Glvfxvvlrq Sdshu Qr 7841
54
Nr}lfnl/ V1 dqg S1D1 Wlqvoh| +5334, _G|qdplf vshflfdwlrq lq rswlplvlqj wuhqg0
ghyldwlrq pdfur prgho%/ plphr/ Xqlyhuvlw| ri Fdpeulgjh/ Vhswhpehu 53341
Oxfdv/ U1H1 dqg Q1 Vwrnh| +4<;6, _Rswlpdo vfdo dqg prqhwdu| srolf| lq dq
hfrqrp| zlwkrxw fdslwdo%/ Mrxuqdo ri Prqhwdu| Hfrqrplfv/ 45/ 880<61
Pdqnlz/ J1Q1/ G1H1 Uxqnoh dqg P1 Vkdslur +4<;7, _Duh suholplqdu| dqqrxqfh0
phqwv ri wkh prqh| vwrfn udwlrqdo iruhfdvwvB%/ Mrxuqdo ri Prqhwdu| Hfrqrplfv/ 47/
4805:1
Pdqnlz/ J1Q1 dqg P1G1 Vkdslur +4<;9, _Qhzv ru qrlvh= dq dqdo|vlv ri JQS
uhylvlrqv%/ Vxuyh| ri Fxuuhqw Exvlqhvv/ 99/ 530581
Pdufhw/ D1 dqg D1 Vfrww +5334, _Ghew dqg ghflw xfwxdwlrqv dqg wkh vwuxfwxuh
ri erqg pdunhwv%/ Xqlyhuvlwdw Srpshx Ideud Zrunlqj Sdshu Qr 88;1
PfFdooxp/ E1W1 +4<;;, _Urexvwqhvv surshuwlhv ri d prqhwdu| srolf| uxoh%/ Fduq0
hjlh Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf Srolf|/ 5</ 4:605371
Ruskdqlghv/ D1 +5334, _Prqhwdu| srolf| uxohv edvhg rq uhdo0wlph gdwd%/ Dphu0
lfdq Hfrqrplf Uhylhz/ <4/ <970<;81
Ruskdqlghv/ D1 dqg V1 ydq Qrughq +5335, _Wkh xquholdelolw| ri rxwsxw jds hvwl0
pdwhv lq uhdo wlph%/ Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ iruwkfrplqj1
Uxghexvfk/ J1G1 +5335, _Dvvhvvlqj qrplqdo lqfrph uxohv iru prqhwdu| srolf|
zlwk prgho dqg gdwd xqfhuwdlqw|%/ Hfrqrplf Mrxuqdo/ 445/ 73507651
Vdujhqw/ W1M1 +4<;:, Pdfurhfrqrplf Wkhru|/ Vhfrqg Hglwlrq/ Dfdghplf Suhvv/
Orqgrq1
Wd|oru/ M1E1 +4<<6, _Glvfuhwlrq yhuvxv srolf| uxohv lq sudfwlfh%/ Fduqhjlh Urfkhvw0
hu Frqihuhqfh Vhulhv rq Sxeolf Srolf|/ 6</ 4<805471
Wd|oru/ M1E1 +4<<9, _Prqhwdu| srolf| lpsolfdwlrqv ri juhdwhu vfdo glvflsolqh%/
lq Exgjhw Ghflwv dqg Ghew= Lvvxhv dqg Rswlrqv/ Ihghudo Uhvhuyh Edqn ri Ndqvdv
Flw|1
Wd|oru/ M1E1 +5333, _Uhdvvhvvlqj glvfuhwlrqdu| vfdo srolf|%/ Mrxuqdo ri Hfr0
qrplf Shuvshfwlyhv/ 47/ 540691
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* Real time for 1985-95, 1985 vintage for 1960-84





























* Real time for 1985-95, 1985 vintage for 1960-84
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Figure 6: range for fitted surplus
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